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Introduction
Metabolomics has now matured into a routinely used technology for measuring the metabolic phenotypes of a wide array of sample types e including biofluids, cells and tissues e derived from plants, animals and microbes. One recent and important trend has been towards large-scale studies, in particular within biomedical and toxicological metabolic profiling [1] [2] [3] . While the necessary automation of data generation to support such largescale studies is occurring [4, 5] , and the automation of data processing workflows is increasingly being established [6, 7] , the extraction of metabolites from biological samples remains a largely manual bottleneck in the metabolomics pipeline [8] ; it is both a challenge for large-scale biofluid studies and an unsolved problem for studies of tissues, particularly the low-mass. High analytical reproducibility and throughput of the sample preparation step are crucial factors when measuring the metabolite compositions of hundreds to thousands of samples; however this is difficult to achieve using laborious manual extraction protocols. With advances in robotic technologies, automated sample handlers have the potential to replace manual sample processing in metabolomics [9] , promising to open new horizons for large-scale studies.
The appropriate selection of extraction solvents has been a focus of the metabolomics community for several years [10] [11] [12] [13] [14] . Multiple factors should be considered: from maximising the chemical space of metabolites that are extracted through to maximising its operational simplicity, efficiency, reproducibility, speed and safety. The method first proposed by [15] , which was originally intended to extract lipids, has proven so successful that it has been adopted by multiple laboratories worldwide [8, 16, 17] . This method utilises a chloroform/methanol/water (2/2/1.8, v/v/v) biphasic solvent system to extract both polar (methanol/water phase) and non-polar (chloroform phase) compounds separately. The extraction efficiency of chloroform stems from its ability to associate with water molecules through weak hydrogen bonds [18] . However, this solvent system has drawbacks, not least that chloroform is a carcinogen. Furthermore, the biphasic extraction results in a layer of protein and cellular debris between the upper polar and lower nonpolar phases (called the interphase), which hinders the clean aspiration of the lower phase. While this is a known difficulty for manual liquid:liquid extractions, it represents a particular challenge for automated extractions using a liquid handling robot.
Significant efforts have been devoted to find an alternative to the Bligh and Dyer method such as hexane/isopropanol e 3/2, v/v [19] , dichloromethane/methanol e 2 /1, v/v [20] , and hexane/ ethanol e 5/2, v/v [21] . None of them, however, were reported to surpass the Bligh and Dyer method in terms of extraction efficiency. More recently, the Matyash method [22] was reported, which claimed to be at least as efficient as the chloroform/methanol/water method, and benefited from replacing chloroform by methyl-tertbutyl ether (MTBE), which is non-carcinogenic. The Matyash method (MTBE/methanol/water) utilises a non-polar phase (largely MTBE) that has a lower density than the methanol/water phase and hence it partitions on the top of the biphasic solvent system; this allows easier recovery of the lipid layer but correspondingly more difficult removal of the polar layer. More importantly e in terms of automation compatibility e the protein and cell debris layer is forced to the bottom of the sample tube following centrifugation, simplifying the removal of both solvent phases during the extraction. The Matyash method has been evaluated in animal [23] [24] [25] and plant samples [26, 27] , proving its efficiency. The original method, however, is primarily focused on lipid extraction and unlike the Bligh and Dyer method has not been optimised for the recovery of both polar and non-polar metabolites from low-mass samples [8] .
Here we have studied the extraction of two biofluids (human plasma and urine) and one tissue type (whole water flea Daphnia magna) in order to select a metabolite extraction protocol that offers superior metabolite yield and reproducibility and provides the highest benefit for automation (in terms of method duration, use of resources, simplicity to automate). We compare the gold-standard Bligh and Dyer extraction method (chloroform/methanol/water, stepwise) to two variations of the Matyash method (MTBE/methanol/water) e the original published protocol (MTBE/methanol/ water, 10/3/2.5, v/v/v) and a modified method (MTBE/methanol/ water, 2.6/2.0/2.4, v/v/v) e the latter employs solvent ratios that match those used by the Bligh and Dyer method and thereby increase the volume of the polar phase for easier handling. Specifically, we compare the extraction yields, derived from measurements of the number of peaks and putatively annotated metabolites detected in ultra performance liquid chromatographymass spectrometry (UHPLC-MS) and direct infusion mass spectrometry (DIMS), and extraction reproducibilities, calculated as the median relative standard deviation e mRSD [28] of all detectable metabolites.
Materials and methods

Biological samples
Three well studied yet diverse sample types were selected to ensure our results are widely applicable: two human biofluids, plasma and urine, and a toxicological and US National Institutes of Health model organism (D. magna). Biofluids (100 ml aliquots from pooled frozen samples) were acquired from Sera Laboratories International Ltd (West Sussex, UK). D. magna was cultured in OECD media, fed on Chlorella sp., and <24 h neonates (30 animals per sample, flash frozen in liquid nitrogen and stored at À80 C) were used for experiments [29] .
Metabolite extraction methods
Three extraction protocols were compared e Bligh and Dyer method (chloroform/methanol/water, 2/2/1.8, v/v/v) as optimised for metabolomics studies of tissues [8] , the original Matyash method (MTBE/methanol/water, 10/3/2.5, v/v/v; [22] ) and our modification of the Matyash method (MTBE/methanol/water, 2.6/ 2.0/2.4, v/v/v) to use solvent ratios and volumes that were equivalent to the successful Bligh and Dyer method and that were compatible with the automated extraction of both the polar and non-polar phases. Biofluids were extracted using the same protocols, however, without homogenization. Each method is described in more detail in the following sections. For each sample type-extraction method combination, 10 replicates were used.
Bligh and Dyer (stepwise) method
As described by Wu et al. [8] , with some minor changes, first 75% ice cold methanol (32 ml mg À1 methanol and 10.6 ml mg À1 or 0.9 ml mg À1 HPLC water for tissues and biofluids, respectively) was added to samples and they were homogenised (tissue only) in a Precellys-24 bead-based homogeniser (Bertin technologies) for 2 Â 10s bursts at 6400 rpm. Homogenates were each transferred into 1.8 ml glass vials and 16 ml mg À1 (or 2 ml mg À1 for biofluids) of chloroform was added. Samples were mixed using a Bioshake platform (2000 rpm, 3 min; Bioshake 3000 elm (Edge Locking Mechanism), Quantifoil Instruments GmbH) and then centrifuged (2415 Â g, 10 min, 18 C; refrigerated centrifuge 6-16KR, Sigma) to pellet the protein and tissue debris. Each monophasic supernatant (~500 ml) was transferred to a clean 1.8 ml glass vial and phase separation was induced by adding 16 ml mg À1 (or 2 ml mg À1 for biofluids) of chloroform and 18.2 ml mg À1 (or 2.27 ml mg À1 for biofluids) of HPLC water. Samples were then mixed again on the Bioshake (2000 rpm, 1 min), incubated at 18 C for 10 min to allow the partitioning of the solvent system and then centrifuged (2415 Â g, 10 min, 18 C). Polar and non-polar fractions were aliquoted into clean Eppendorf tubes or glass vials, respectively, and then dried down using a SpeedVac concentrator (SPD111V, Thermo Savant; for polar samples only) or nitrogen blow-down evaporator (TECHNE sample concentrator with Peak Scientific Genius nitrogen generator; for non-polar samples only).
Matyash method
This method followed the original Matyash extraction [22] with some minor modifications in order to make all methods comparable. Samples were homogenised (tissue only) in 75% cold methanol as in section 2.3 and homogenates were transferred into 1.8 ml glass vials. Then 107 ml mg À1 (or 13.3 ml mg À1 for biofluids) of MTBE was added to each vial and the samples were mixed on the Bioshake (2000 rpm, 3 min). Phase separation was then induced by adding 16.1 ml mg À1 (or 2 ml mg À1 for biofluids) of HPLC water.
Samples were then mixed again on the Bioshake (2000 rpm, 1 min), incubated at 18 C for 10 min to allow phase separation to begin, and centrifuged (2415 Â g, 10 min, 18 C). Polar and non-polar fractions were aliquoted into clean Eppendorf tubes or glass vials, respectively, and dried as in 2.3.
Modified Matyash method
The solvent ratios used in this method were customised to match those for the Bligh and Dyer protocol. This method was identical to the Bligh and Dyer (stepwise), until the tissue homogenates were transferred into 1.8 ml glass vials. MTBE (16 ml mg À1 or 2 ml mg À1 for tissues and biofluids, respectively) was then added and samples were mixed on a Bioshake (2000 rpm, 3 min). Phase separation was induced by adding 25.6 ml mg À1 (or 3.2 ml mg À1 for biofluids) of MTBE and 27.8 ml mg À1 (or 3.47 ml mg À1 for biofluids) of HPLC water. Samples then were mixed on the Bioshake (2000 rpm, 1 min), incubated at 18 C for 10 min, and centrifuged (2415 Â g, 10 min, 18 C). Polar and non-polar fractions were aliquoted and then dried down as described in section 2.3.
Direct infusion mass spectrometry
Due to a low sample biomass and the superior sensitivity of the method [29] , D. magna samples (only) were analysed using SIMstitch direct infusion mass spectrometry (DIMS), as reported previously [30] . The rest of the sample types were analysed using (UHPLC-MS). Dried polar extracts were resuspended in 80/20 methanol/water (HPLC grade) containing 0.25% formic acid for positive ion mass spectrometry, or 80/20 methanol/water containing 20mM ammonium acetate for negative ion analysis. Nonpolar extracts were resuspended in 2/1 methanol/chloroform with 5mM ammonium acetate. Samples were analysed using a Quadrupole-Orbitrap mass spectrometer (Q-Exactive, Thermo Fisher Scientific, Hemel Hempstead, UK) equipped with a chipbased direct infusion nano-ESI (electrospray ionisation) assembly (Triversa, Advion Biosciences, Ithaca, NY, USA). Nano-ESI conditions consisted of 0.3 psi backing pressure and 1.4 kV or À1.4 kV electrospray voltage (for positive and negative ion analysis, respectively), all controlled by ChipSoft software (version 8.3.3, Advion Biosciences). The mass range was from 100 to 1000 Daltons (Da).
Ultra performance liquid chromatography e mass spectrometry
Dried polar and non-polar extracts were resuspended as above. Samples were analysed using a Quadrupole-Orbitrap mass spectrometer (Q-Exactive) equipped with a Dionex UltiMate 3000 UHPLC (ultra high performance liquid chromatography; Thermo Fisher Scientific) employing reverse phase and HILIC (hydrophilic interaction liquid chromatography) methods. For the reverse phase analyses, solvents were composed of 0.1% formic acid in HPLC water (A) and 0.1% formic acid in methanol (B). For HILIC, the solvents contained 95% acetonitrile with the addition of 5 mM ammonium formate (pH ¼ 3; A) and HPLC water with 5mM ammonium formate (pH ¼ 3; B). Ion source conditions comprised: spray voltage À3.5kV (for negative mode) and þ4.5kV (for positive mode); resolution of 70,000 (for single polarity mode) and 35,000 (for polarity switching mode). The mass spectral range was from 100 to 1000 Da.
Data processing and analysis
SIM-stitch DIMS data comprised of a series of narrow overlapping mass windows that were processed as described previously using custom-written Matlab software [30, 31] . In brief, only peaks with a signal to noise ratio greater than 10, that passed the 'replicate filter' (i.e. present in at least 2 of the 3 technical replicates per sample), passed the blank filter (i.e. present in the biological samples with at least ten times the intensity of a potential occurrence in the blank samples, designed to remove solvent and contaminant peaks from the dataset), and that passed the '80% sample filter' by class (i.e. present in at least 80% of the biological replicates of any one extraction method) were retained in the datasets. UHPLC-MS data were processed applying the freely available software XCMS, operated in R applying previously defined parameters [32] . Data acquired applying DIMS and UHPLC-MS were normalized applying probabilistic quotient normalisation (PQN) and SUM normalisation, respectively. Relative standard deviation (RSD) of the peak intensities was calculated across all the detected peaks and a single median RSD was determined for each extraction method and ion mode combination, where the median RSD value provides a measure of the reproducibility of that dataset [28] . It is important to note that for each biofluid a pooled sample was investigated such that any variability in the mass spectra would be known to arise from the sample preparation and LC-MS measurements. For Daphnia, each sample investigated was a different pool of 30 animals; hence while that biological pooling of animals (per sample) greatly reduced the biological variability between the samples, the variability in the mass spectra could arise from slight biological differences between samples or from the metabolite extraction and DIMS measurements. Peak counts (total number of peaks for each of the three extraction methods), the corresponding m/z values (DIMS) and m/z-retention time (rt) pairs (UHPLC-MS), and peak intensities were extracted from the Matlab software. DIMS data were then putatively annotated using MI-Pack v2_01 software (based on Python 27) employing KEGG database and LIPIDMAPS for polar and non-polar compounds, respectively (with the maximum mass error of 3 ppm). LC-MS data were putatively annotated employing PUTMEDID operated in the Taverna workflow environment applying standard parameters [33] . Venn diagrams were created using Bioinformatics and Evolutionary Genomics website tool at http://bioinformatics.psb.ugent.be/webtools/Venn/.
Results and discussion
Extraction yield
First, all extraction strategies were compared based upon the number of peaks detected, for each sample type and for each mass spectrometry ion mode ( Fig. 1 ). In addition, Fig. 1 shows which peaks are common across two or three of the extraction strategies. Overall, the modified Matyash method yielded more peaks in biofluids than both the original Matyash method (1e29% more; except urine non-polar samples, where original Matyash yielded 4e7% more peaks) and the Bligh and Dyer method (4e20% more; only in non-polar negative plasma samples equal number of peaks was generated) when combining results for the upper and lower phases (Table A. 1) . It also yielded more unique peaks (peaks that were detected in only one out of three methods) than these two other extraction methods. In D. magna samples on the other hand the original Matyash method performed better than the other two (yielding 1e5% more peaks than modified Matyash and 7e15% more than the Bligh and Dyer method).
Specifically, in D. magna samples ( Fig. 1 (aed) ), the original and modified Matyash methods showed very similar peak counts both in the polar and non-polar phases with minimal unique peaks. The Bligh and Dyer protocol performed slightly poorer (yielding 6e16% fewer peaks), however generated the majority of unique peaks. While some clear differences exist between the methods, between 73 and 76% of the peaks detected were extracted by all three protocols, highlighting the relative consistency of biphasic extractions and DIMS analyses of this tissue type. In plasma samples ( Fig. 1  (eeh) ) the modified Matyash method showed superior results yielding 27e29% and 16e20% more polar peaks than the original Matyash and Bligh and Dyer methods, respectively (except for the analyses of the non-polar fractions ( Fig. 1 (g, h) ) for which the Bligh and Dyer method detected a comparable number of peaks to the modified Matyash protocol). In urine samples ( Fig. 1 (iel) ) the original Matyash method yielded the highest number of peaks (4e7% and 14e18% more non-polar peaks than the modified Matyash and Bligh and Dyer methods, respectively). In summary, the original Matyash method showed superior extraction yield in D. magna and urine samples (except for polar negative); the modified Matyash method yielded a comparable (to the original Matyash) number of peaks in D. magna and polar urine samples, and was superior to the other two methods for non-polar plasma samples; and the Bligh and Dyer method was comparable to the modified Matyash method for non-polar plasma samples.
Furthermore, extraction methods were also compared based on putatively annotated metabolites, for each sample type and ion mode (Fig. 2) . In general, and as anticipated, trends for metabolites were consistent with trends for the number of peaks detected; the modified Matyash method again performed better in biofluids than Fig. 1 . Extraction method comparison based on peak counts as a surrogate measure of metabolite yield. Venn diagrams represent the numbers of unique and common peaks (and relative percentages) between the three extraction methods: stepwise Bligh and Dyer e blue circle, Matyash modified e red circle, and original Matyash e green circle) in a-d) D. magna, e-h) human plasma, and i-l) human urine (n ¼ 10), for positive (a, e, i) and negative (b, f, j) ion analysis of polar metabolites, and positive (c, g, k) and negative (d, h, l) ion analysis of non-polar metabolites. the original Matyash method (with 11e30% more annotated metabolites in plasma, and approximately the same number in urine samples) and the Bligh and Dyer method (1e41% more annotated metabolites; similar number of metabolites were detected in nonpolar negative plasma samples) when combining results for the polar and non-polar metabolites (Table A. 2). In D. magna samples the original and modified Matyash method yielded almost equal numbers of metabolites, whereas the Bligh and Dyer method yielded 3e8% less metabolites.
Specifically, the original and modified Matyash methods performed equally in both polar (only in polar positive samples did the modified Matyash perform slightly better and yielded 3% more metabolites) and non-polar phases, both surpassing the Bligh and Dyer protocol (recovering 3e8% more metabolites in polar and 7e8% in non-polar samples) in D. magna samples ( Fig. 2 (aed) ). Similar to the peak counts, all three extraction methods proved to be highly consistent, as 81e88% of the annotated metabolites were present in all three datasets. In plasma samples ( Fig. 2 (eeh) ) the modified Matyash method yielded 9e30% and 1e41% more metabolites than the original Matyash and Bligh and Dyer methods, respectively (except for non-polar negative samples ( Fig. 2 (h) ) for which the Bligh and Dyer method detected 3% more metabolites). In urine samples ( Fig. 2 (iel) ) the original Matyash method was superior compared to the other two methods (yielding 1e6% and 7e19% more metabolites than the modified Matyash and Bligh and Dyer methods, respectively). Overall, the modified Matyash method was superior in D. magna polar and plasma samples, and comparable (to the original Matyash) in D. magna non-polar samples; the original Matyash method showed higher metabolite yield in urine samples; and the Bligh and Dyer method was comparable to the modified Matyash method for non-polar plasma samples.
Several non-polar (putatively annotated) compounds were selected from various lipid groups (including phosphatidic acids -PA, phosphatidylcholines -PC, phosphatidylethanolamines -PE, phosphatidylglycerols -PG, phosphatidylinositols -PI, phosphatidylserines -PS, sphingomyelins e SM and triglycerides -TG) and compared across the three extraction strategies using PQN normalized signal intensities (Fig. A2 ). In general, in D. magna samples (only 2 metabolites had lower intensities in modified Matyash method) as well as in plasma (only 4 metabolites showed significantly lower intensities in Bligh and Dyer compared to the other two methods), all three methods showed very similar lipid intensities. In urine samples, however, the modified Matyash and Bligh and Dyer methods showed similar intensities whereas the original Matyash intensities were lower (for 11 out of 17 metabolites significantly lower than both other methods, and for 2 metabolites lower than modified Matyash).
In addition, all putatively annotated amino acids in each sample type were selected in order to evaluate and compare polar metabolite intensities (Fig. A3) . In D. magna polar samples both the original and modified Matyash methods performed equally well, surpassing the Bligh and Dyer method (showing significantly higher metabolite intensities in 14 out of 24 amino acids; the remaining 10 were similar intensity across all three methods). In plasma and urine, however, the majority of amino acid intensities were similar across all three methods (only 3 metabolites had lower intensities in the original Matyash method compared to the other two).
To date, numerous studies have investigated the sample extraction efficiencies of the Bligh and Dyer or Folch methods [34] . Recently, the Matyash method has gained considerable popularity though most of the studies have focused on the extraction of metabolites from biofluids, in particular plasma. For instance, Heiskanen et al. [35] used a Folch extraction and shotgun lipidomics approach to measure lipids in human plasma, recovering 610 and 639 lipids in negative and positive ion modes, respectively. Jung et al. [36] also used the Folch method to perform highthroughput molecular lipidomics in plasma and quantified several hundreds of lipids. Few studies have compared the Matyash method to the long-standing Bligh and Dyer and Folch methods in plasma samples. In one study [24] all three methods (Matyash, Bligh and Dyer, Folch) as well as two global metabolite extraction methods for both lipids and polar metabolites using DIMS and GC-MS were examined and evaluated. The authors concluded that the Folch and Matyash methods performed equally well when assessing lipids (in terms of the number of metabolites extracted); while for the extraction of polar metabolites the acetonitrile /isopropanol/water (3/3/2, v/v/v) method was recommended. Another study [37] also compared the Matyash and Folch methods (in plasma), employing LC-MS, and concluded that both extracted lipids equally well, however Matyash surpassed the Folch method when extracting polar metabolites; therefore they recommended the Matyash method for untargeted metabolomics and lipidomics. Yang et al. [38] optimised the Matyash method and compared it to a simple methanol precipitation protocol, using LC-MS to show that the new Matyash method recovered 3806 versus only 1851 metabolic features in plasma. Furthermore, Whiley et al. [39] also modified the Matyash method employing it in so called in-vial dual extraction (IVDE) of plasma, and analysed the samples via HPLC-QTOF MS, recovering over 4500 features.
Several studies have investigated metabolite extraction strategies from urine. For instance, Bang et al. [40] compared the Folch and Matyash methods using nanoflow LC-ESIeMS 3 and concluded that the Folch was superior when extracting different phospholipid classes in negative ion mode. Another study [41] showed that HPLC water combined with pre-concentration by solid-phase extraction (SPE) retained 3503e4484 peaks (in positive and negative modes, respectively) using nanoflow UHPLC-nanoESI-TOF-MS. Most of these studies are in agreement with our results, concluding that the Matyash method surpasses both the Folch and Bligh and Dyer methods in terms of peak recovery from biofluids.
Various studies have focused on metabolite extraction of animal tissues (primarily of dissected organs) predominantly employing either the Bligh and Dyer or Folch methods, however only a few have investigated metabolite extraction in the whole organism. Taylor et al. [29] showed that D. magna extracted using the Bligh and Dyer method yields 1848 and 3599 polar features (positive and negative ion modes, respectively) following DIMS analysis. No earlier studies have compared the extraction yields of the Matyash and Bligh and Dyer methods in tissue samples. Here we have reported evidence, consistent with earlier studies of biofluids, that the Matyash (or modified Matyash) method is superior (recovering 5e20% more peaks) or comparable (in plasma non-polar samples) to the Bligh and Dyer method.
Reproducibility
Reproducibility of the extraction methods was compared based on the relative standard deviations (RSDs) of the intensities of the peaks (Fig. 3) , in particular the median of these values (mRSD; also termed coefficient of variance) which we have shown previously to serve as a useful statistic for benchmarking the reproducibility of methods [28] . Overall, the median RSD values of the modified Matyash method were lower than those for the Bligh and Dyer and original Matyash methods, across different sample types and polar/ non-polar datasets (Fig. A1) .
Specifically, the reproducibility of D. magna metabolomics data ( Fig. 3 (a) ) was very similar across all methods, for polar (with mRSD 20e24%) and non-polar (mRSD e 22e29%) metabolites. RSD values over 20% are not unexpected as the variation across these samples could predominantly arise from biological differences (each sample comprises of a pool of 30 individual organisms) rather than differences introduced through the sample preparation. The trends in mRSD values were less clear in plasma ( Fig. 3 (b) ), although the modified Matyash datasets showed the lowest values (19e33%, except positive ion data of polar metabolites with mRSD of 54%), followed by Bligh and Dyer (33e37%) and then the original Matyash method with surprisingly high metabolic variation (36e55%). In urine samples ( Fig. 3 (c) ), the modified Matyash method again performed better (with mRSD 6e11%) than both other methods (mRSD values of 9e16% and 18e28% for Bligh and Dyer and the original Matyash method, respectively). In summary, all three methods showed similar reproducibility in D. magna potentially due to the confounding factor of biological variability, while the reproducibility of the modified Matyash method was superior in urine and non-polar plasma samples, and the Bligh and Dyer method showed higher reproducibility in polar plasma samples.
Various studies of plasma have reported high sample reproducibility for the Folch, Bligh and Dyer and Matyash methods, generally with mRSD below 15% [35] . Lee et al. [24] stated that reproducibility of Bligh and Dyer method (mRSD of 18%) was lower than Matyash method (mRSD of 12%), whereas another study [37] indicated that reproducibility of the Folch and Matyash methods was equally high. Yang et al. [38] showed that in plasma samples the Matyash method RSDs generally were below 15% while extraction using methanol precipitation led to RSDs of 30%. The reproducibility of these results is comparable with modified Matyash method in non-polar plasma fractions; polar samples however, showed surprisingly high mRSD values in all three methods tested. On the contrary, in urine samples the modified Matyash method showed excellent reproducibility of polar fractions (as well as non-polar, with mRSDs below 11%), consistent with the previous biofluid studies. Furthermore, in D. magna samples [29] mRSD values of polar fractions extracted using Bligh and Dyer were calculated and the reported value was <25% for 20e50 neonates, consistent with the current study.
Conclusions
In this study we have compared a Bligh and Dyer extraction to both the original and a modified Matyash method, across three distinct sample types, and compared the metabolite yields and reproducibility using DIMS and UHPLC-MS analyses. The aim of this study was to determine which extraction method provided the highest metabolite yield and reproducibility, and which would be the most suitable for automation on a liquid handling robot. We have shown that the modified Matyash method e which was based on the original Matyash method, but with solvent volumes more similar to the Bligh and Dyer protocol e has a higher extraction yield as it typically recovers the largest number of peaks (apart from urine non-polar and D. magna samples, where it is comparable) in both polar (5e29%) and non-polar (1e14%) fractions, as well as the largest number of putatively annotated metabolites (apart from urine samples) in polar (1e41%) and non-polar (1e14%) samples, compared with the other two methods tested. It also provided superior or comparable metabolite intensities in both polar (while Bligh and Dyer showed significantly lower intensities in D. magna) and non-polar (original Matyash performed significantly poorer in urine samples) annotated metabolites. Furthermore, we have demonstrated that the reproducibility of the modified Matyash method is higher or comparable to the Bligh and Dyer and original Matyash methods (excluding polar plasma samples). Collectively this provides evidence for the use of this less toxic modified Matyash method, for the majority of sample types tested herein, rather than the traditional Bligh and Dyer extraction. Furthermore, this study serves as a basis for the development of automated sample extraction methodologies.
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